In order to further our understanding of the physiology of corporal veno-occlusion, we developed a theory of a possible contribution to corporal venous out¯ow resistance which occurs as the result of venule stretching with resultant luminal narrowing when penile volume increases during the erection process. We stretched non-biological tubes and rabbit abdominal vena cava segments, performed¯ow-based and volume-based experiments to calculate the magnitude of N, the newly de®ned`stretch-associated luminal constrictability' factor. We solved for (R s aR u ), the ratio of the venule¯uid resistance in the stretched state (R s ) to the unstretched state (R u ), to quantify the projected increases in¯uid resistance as well as Q.R u where Q is the subtunical venule¯ow rate.
Introduction
A rigid sustained penile erection depends on several factors, one of which is the development and maintenance of maximum resistance to corporal venous out¯ow. 1, 2 The primary site of corporal veno-occlusion has been postulated to be intracavernosal, principally within the subtunical venules. The fundamental mechanism of subtunical venule occlusion has been presumed to be due to compressive forces emanating from the expanding peripheral lacunar spaces against the less compliant tunica albuginea. 3 ± 10 Although corporal veno-occlusion is paramount to normal erectile function, there has been a paucity of research examining the determinants of subtunical venule occlusion.
Blood entering the corpora cavernosa ®lls from helicine arterioles into a vast communicative intracavernosal lacunar space network. Blood draining from the corpora cavernosa exits only from peripherally-located lacunar spaces. The ®rst venous channel to accept lacunar space ef¯uent is the subtunical venule. These venular structures have a luminal diameter in the¯accid state of approximately 0.1 mm. 10 They are ®xed at two points: their source at the peripheral lacunar space and their termination into emissary veins which pierce the tunica albuginea. Sub-tunical venules possess apparent negligible geometric slack in the¯accid state. 10 In contrast, arterioles and nerves are helicalshaped and sawtooth-shaped, respectively, to prevent their stretching and deformation during corporal volume changes with penile erection. 3 ± 10 It appears reasonable to make the assumption that the ®xed subtunical venules are elongated during penile erection. With this hypothesis, maximal venule elongation can be predicted to range from 1.2 to 1.7 times the¯accid venule length (the cube root of the distensibility during erection). 11 Irrespective of other postulated veno-occlusive forces, sub-tunical venule elongation would be anticipated to increase venule out¯ow resistance as the result of both decreased venule luminal diameter and increased venule length. An investigation has been undertaken to describe the analytic relationships uniquely predicted to be involved in stretch-associated corporal veno-occlusion. The overall goal was to present ideas which hopefully have the promise of improving the physiological understanding of the corporal veno-occlusive mechanism.
Methods
To examine the relationships involved in stretchassociated venule¯uid resistance, a multi-phase study was performed. The ®rst phase was theoretical and consisted of describing a mathematical model of ow through hollow tubes. The value of a newly de®ned venule mechanical property, N, the stretchassociated luminal constrictability, was to be obtained in this new model. An analytical expression was to be developed for stretch-associated venulē uid resistance in terms of: (i) intracavernosal pressure; (ii) penile mechanical properties such as cavernosal expandability and tunical distensibility; 12 ± 14 and (iii) the venule mechanical property, stretch-associated luminal constrictability.
Engineering analysis
Flow resistance for laminar¯ow of a Newtonian uid in a round tube is proportional to the tube's length and inversely proportional to the fourth power of its diameter: 15 R 128mL pD 4 X 1
Blood, although non-Newtonian, has been shown to behave like a Newtonian¯uid at the high shear rates associated with very small diameter blood vessels. 16 The assumption of laminar¯ow appears to be safe since the inside hollow sub-tunical venule diameter (D $ 0.1 mm) combined with other factors produces small Reynolds' numbers.
It is a well known property of materials that extrusion in one linear dimension results in contraction in orthogonal directions. For a solid circular cylinder which is stretched in the axial direction, the ratio of relative change in diameter to relative change in length (ie the ratio of radial strain to axial strain) is called Poisson's ratio (n): 17
where D is the diameter of the unstretched cylinder, L is its length and D is the absolute value of change. It can be shown that 0`n`1a2 for isotropic materials. 17 For a sub-tunical venule which stretches during erection, the concern is with the change in diameter of the hollow space within the inner diameter of the vessel that is predicted to be subject to axial stretching forces. A different ratio, N, may be said to apply. N is newly de®ned as the ratio of relative change in diameter of the hollow space within the cylinder to relative change in length.
where D is the diameter of the hollow space within the unstretched cylinder, L is the length of the cylinder and D is the absolute value of change. It is expected that N is a function of n as well as the ratio of the outer to inner wall tube diameter and it can be argued that N b n (see Appendix A). The volume rate of¯ow, Q may be expressed by the¯uid mechanical analogy of Ohm's Law: 15
where DP is the pressure drop and R is the¯ow resistance which, assuming laminar¯ow of a Newtonian¯uid in a round tube, is given by Equation 1. The assumption that the sub-tunical venule lumen is circular might be compromised if, for example, compression of a venule is a signi®cant concommittant mechanism. In that case, the resistance expressed in Equation 1 might be replaced with that for an elliptical cross section. 16 R 4Lmr where r a and r b are the major and minor elliptical radii. The analysis for this case is not included here. De®ning c to be:
Equation 1 may be expressed for the unstretched sub-tunical venule resistance, R u , and the stretched sub-tunical venule resistance, R s , as follows:
Using Equation 5, Equation 6 may be rewritten as:
Using Equation 3, the ratio of the stretched subtunical venule resistance, R s , to the unstretched subtunical venule resistance, R u may be expressed by:
De®ning the elongation x of the sub-tunical venule as stretched length (L DL) divided by unstretched length (L):
Equation 8 may be written:
It should be noted that all variables in this formula, x, R s aR u , and N are dimensionless.
The corporal volume is taken to be proportional to the cube of its linear dimensions. This assumption is based on the following empirical evidence: (i) relative expansion in the radial and axial directions are virtually the same; 11 and (ii) subtunical venules possess apparently negligible slack in the¯accid state. 10 Thus if V is the cavernosal volume and L an unstretched venule length:
where V F is the¯accid (unstretched) volume (assuming negligible venule slack in the¯accid state). Hence, using Equation 9:
Therefore, from Equation 10:
From Udelson et al, 11 Equation 21 :
If Equation 13 is substituted into Equation 12 , the ratio of stretched to unstretched venule resistance is expressed in terms of cavernosal expandability X, tunical distensibility V E aV F , intracavernosal pressure rise DP and stretch-associated luminal constrictability, N or:
where the functional relationship f is given by Equation 12 with V E aV F given by Equation 13 . The volume rate of¯ow Q through a stretched venule is obtained by substituting Equation 14 into Equation 4:
15
In vitro experiments
The second phase consisted of in vitro volumebased and¯ow-based studies in unstretched and stretched non-biological and biological vessels of varying initial diameters, wall thicknesses and wall physical properties. The objective was to calculate N (the relationship between the relative change in length and the resultant relative change in inner diameter) in hollow vessels.
(1) Volume-based studies In the ®rst two experiments,¯uid volume displacement principles were utilized to calculate the changes in inner diameter associated with stretching.
(i) Non-biological vessels. Red rubber catheters of varying initial diameters (8F, 10F, 12F and 14F; Baxter Healthcare Corp., Deer®eld, IL) were used as the non-biological tubes. The experimental design is depicted in Figure 1 . From the middle of each red rubber catheter, a 7 ± 8 cm segment was harvested. Plastic catheter adapters (Becton, Dickinson, Rutherford, NJ) were sutured to either end of the catheter segment. One plastic adapter was ®xed in a clamp allowing the red rubber catheter segment to hang vertically by gravity. The lower plastic adapter was then secured by a clamp at baseline unstretched length against a ruler. A stopcock and a 1 ml syringe ®lled with saline was attached to the lower plastic adapter. Saline was ®lled from the syringe to the top of the upper plastic adapter. The internal¯uid volumes of the stopcock and plastic adapters were pre-determined and were constant throughout stretching. The internal¯uid volume in the red rubber catheter segment was recorded by subtracting the adapterastopcock volumes from the total¯uid volume as depicted in Figure 1 . The tubes were stretched to relative lengths (new length over original length) of 1.1 to 1.7 at increments of 0.1 and maintained in place by clamps. The inner diameter of the red rubber catheter segment at each stretched length was calculated from the internal uid volume measurements. For red rubber catheters of different sizes, three to ®ve measurements were 3 ). At the end of the experiment, the wall thickness of the various catheter segments were recorded by placing a cut segment with a millimeter grid upon a magni®ed view (Â25) of an operating microscope.
(ii) Biological vessels. The abdominal vena cava of the New Zealand white rabbit was used as the biological hollow vessel. Approval from the animal institutional review board was obtained. The animal was killed with a lethal dose of pentabarbitol administered via an ear vein. Through a generous midline incision, a 7 ± 8 cm segment of the abdominal vena cava was harvested. Care was taken to suture ligate all tributary veins. Topical irrigation of the vessel with Krebs solution at room temperature was repeatedly performed throughout the harvest and throughout the stretching experiment. The same experimental design used for the non-biological tubes was used for the abdominal vena cava ( Figure  1 ) except that a 3 ml syringe was used due to the greater initial volume of the abdominal vena cava compared with the red rubber catheter segment. The wall thickness of the abdominal vena cava was recorded as described above.
(2) Flow-based studies The following two experiments utilized principles of¯uid mechanics to record¯uid out¯ow resistance differences during stretching to calculate changes in inner diameter and to use these data to determine the value of N in Equation 3 . Since¯ow resistance of a tube is related to inner diameter (Equation 1), it was thus possible to calculate the values of the unstretched and stretched inner tube diameters, assuming uniform diameter throughout the length of the tube. Figure 1 A schematic of the apparatus used in the volume-based studies to calculate the decrease in internal diameter of a hollow tube when it is stretched. This calculation is made using the measured change in length of the tube and the change in saline volume stored in the tube. For example, as shown by the insert, using the animal vena cava 10 mm in unstretched length and a stretch of 3 mm for a total stretched length of 13 mm, the unstretched vena cava internal diameter of 1.0 mm would decrease to approximately 0.3 mm. The calculated value of N, for the animal vena cava experiments, was slightly more than 2.
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(i) Non-biological vessels. Segments of red rubber catheters of 8F, 10F and 12F and a hollow silastic stent of 2F were utilized as the non-biological hollow vessels as described previously. The experimental design is depicted in Figure 2 . Plastic adapters were sutured to either end of the catheter segments while blunt ended needles (19 gauge) were inserted into the stent. Stopcocks were then attached to regulate saline in¯ow to the various tubes. The catheter segments and stent tubing were placed on a wire screen. Tubing lengths were stretched 1.1 ± 1.7 times the original baseline lengths and ®xed at any given length by clamping the plastic adapterastopcock connection to the wire screen. The catheter stretch was recorded by ruler (maximum error of 1 mm). Constant¯ow of saline was achieved by attaching a large volume (1000 ml) reservoir to the hollow tubes. Flow through the system was recorded by observing the volume of saline collected in a graduated cylinder for a pre-determined period of time. The¯ow in the silastic 2F stent was calculated by measuring the time required to collect 20 drops of saline. Prior to each run, the volume in the reservoir was restored to 1000 ml saline. Intraluminal pressure was recorded at the entrance and at the exit of the tubes by manometers. The manometers were connected to 21 gauge minicatheters which were introduced into the red rubber catheter segments.
Due to the small inner diameter of the silastic 2F stent, entrance and exit stopcocks were used to connect the manometers. The difference in intraluminal pressures from the entrance to the exit in the tubing enabled out¯ow resistance to be calculated (using Equation 4). The internal diameter was calculated from the¯ow resistance data (Equation 1). The Reynolds' numbers based on these diameters were calculated and found to be less than 2000 indicating that the¯ow was laminar in all cases thereby justifying use of Equation 1.
(ii) Biological vessels. The abdominal vena cava of the New Zealand white rabbit was harvested and prepared as described above. All venous branches were carefully ligated to achieve a closed system for recording¯ow. The luminal diameter of a 10F red rubber catheter was comparable to the rabbit abdominal vena cava in the unstretched state. The distal ends of the vena cava were sutured onto a 1 inch segment of a l0F red rubber catheter using 2-0 silk ties; care was taken not to occlude the lumen of the red rubber catheter. Catheter adapters were sutured securely onto the open ends of the 10F red rubber catheters and three-way stopcocks were attached to both adapters. Manometers were utilized to record intraluminal pressures at the entrance and exit of the vena cava segment. These were inserted Figure 2 A schematic of the apparatus used in the¯ow-based studies to calculate the decrease in internal diameter of a hollow tube when it is stretched. This calculation is made using the measured pressure drop across the length of the tube and volume rate of salinē ow through the tube to obtain the resistance from which the diameter is calculated. For example, using the animal vena cava (or nonbiological tubes) at unstretched length and at stretched length, there will be less¯uid volume collected over a given time period in the stretched vs the unstretched length, a direct result of the higher resisitance to¯ow which follows both luminal diameter narrowing and vessel lengthening in the stretched vessel.
into the distal tips of the 10F red rubber catheter segments by 21 gauge vacutainer butter¯y minicatheters. Following numerous¯ow trials, it was observed that the vena cava segment was collapsed in pre-¯ow situations, thus offering high resistance values at the onset of the experiment and hence, high resting entrance intraluminal pressures. To overcome this phenomenon, a 12F plastic tube was connected to the stopcocks, acting as a parallel circuit to bypass the vena cava segment. This allowed an equalization of entrance and exit intraluminal pressures on either side of the vena cava segment. During¯ow experiments, the 12F plastic`bypass' tubing was subsequently occluded by the stopcock, enabling¯ow to be recorded exclusively in the vena cava segment.
Throughout the entire biological segment experiment, temperature, pH, O 2 and CO 2 partial pressures were carefully controlled. The entire apparatus was submerged in a 37 C Kreb's bath, aerated with an 8 psi mixture of O 2 and CO 2 ( Figure 2 ). The protocol for recording¯ow data on the vein was similar to that of the non-biological vessels except that following numerous¯ow trials, it was determined that the integrity of the vessel was compromised when the vessel was stretched multiple times by increments to values of 1.7 resting length. The best data were obtained when the stretch was limited to 1.3 times that of the resting length. As in the case of non-biological vessels, the Reynolds' numbers were found to be less than 2000.
Results

In vitro experiments
The resultant inner diameter changes that occurred following stretching of the various non-biological and biological segments as measured by volumebased and¯ow-based changes are numericaly presented in Tables 1 and 2 . Each value of inner diameter recorded was the mean of three to four independent experiments. Figures 3a and 3b show the linear regression curve for the volume and¯ow based data.
In
Based on all the volume-and¯ow-based data, the calculated mean value of stretch-associated luminal constrictability, N, for the various sizes (2F, 8F, 10F, 12F, 14F) of non-biological red rubber segments was 0.33 AE 0.09 (wall thickness 0.8 ± 1.2 mm) while the mean value of N for the abdominal vena cava studies was 2.34 AE 0.15 (wall thickness 0.5 mm).
Engineering analysis
Equation 14
predicts that the ratio of stretched to unstretched venule resistance (R s aR u ) is a function of cavernosal expandability X, intracavernosal pressure increase DP, tunical distensibility V E aV F and stretch-associated venule luminal constrictability N. Figures 4a, 4b and 4c show three plots of (R s aR u ) against DP where V E /V F was selected, respectively, as the high (V E aV F 5), mean (V E aV F 2.9), and low (V E aV F 1.7) values from those found in a series of 21 impotent patients previously reported. 11 ± 13 Each of these three graphs has curves for the high (X 0.17 mmHg 71 ), mean (X 0.09 mmHg 71 ), and low (X 0.04 mmHg 71 ) values of cavernosal expandability for these patients. 11 The value of N was chosen as 2.0, which is conservatively somewhat less than the approximate value of that found in the abdominal vena cava experiments described above. Appendix B shows that (R s aR u ) overall for all the venules should be equal to (R s aR u ) individual for an individual venule, since they are in parallel. 
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. Figures 5a , 5b, and 5c shows plots of (Q Á R u ) against DP, respectively, for the high, mean and low values of V E aV F where each of these three graphs has curves for the high, mean and low values of X (similar to Figures  4a, 4b and 4c ). The value of N was again chosen to be 2.0, conservatively less than the approximate value found for the vena cava experiments. Values of R u are unspeci®ed in the present study, but will be the subject of a future investigation which will address what the appropriate values of N might be for human subtunical venules.
As can be seen from the graphs representing the highest (but unusual) value of tunical distensibility (V E aV F 5), Figure 4a shows that the resistance theoretically reaches in®nity for all values of cavernosal expandability, X, before DP reaches 20 mmHg. In addition, Figure 5a shows that the venule¯ow rate is predicted to reach zero. Under the above assumptions, including highest tunical distensibility, it is shown that the venules would be stretched to complete occlusion.
For average tunical distensibility, (V E aV F 2.9), Figure 4b shows that the resistance theoretically reaches a maximum (but ®nite) value for the largest expandability value (X 0.17 mmHg 71 ) before DP reaches 50 mmHg, while the average and lowest expandability values (X 0.09 and 0.04 mmHg 71 , respectively) would achieve maximal constant resistance only beyond DP 70 mmHg. Figure 5b shows the behavior of venule¯ow rate for these cases. Achievement of highest constant (non-in®-nite) resistance and lowest constant (non-zero)¯ow would occur when cavernosal volume has achieved its maximum value (full erection).
For the lowest tunical distensibility, (V E aV F 1.7), Figure 4c shows that the resistance theoretically reaches maximum constant values before DP 20 mmHg for maximum values of X, DP 40 mmHg for average values of X, and DP 70 mmHg for lowest values of X. As shown by Figure 5c , the exit venule¯ow is, however, not occluded, but increases monoatomically with DP for all X. Figure 6 shows a comparison of (QÁR u ) for N 2.0 and N 2.25 for the case of average V E aV F and X. Figure 7 represents a graphical depiction of the values of tunical distensibility V E aV F and stretchedassociated venule luminal constrictability N that theoretically achieve complete luminal occlusion. It is a plot of the equation:
which is obtained by setting the denominator of Equation 12 equal to zero (with V E aV F representing the highest value of VaV F for an individual patient). At maximal tunical distensibility, V E aV F 5.0, the value of N required to achieve complete luminal occlusion was only 1.4, a value less than that achieved in the rabbit abdominal vena cava. Thus, in cases of high tunical distensibility (where compressive venous resistances can be expected to be minimally effective), corporal veno-occlusion may be achieved primarily by stretch-associated venous resistance. In contrast, at minimal tunical distensibility, V E aV F 1.7, the theoretical value of N required to achieve complete luminal occlusion was 5.2, a value much greater than that seen in the biological vessels examined. Thus, in cases of low tunical distensibility (where compressive venous resistances can be expected to be maximally effective), compressive forces would appear to be required to supplement stretch-associated resistance forces to achieve maximal corporal veno-occlusion.
Discussion
The corporal veno-occlusive mechanism enables the corpora cavernosa to develop maximal venous 10 While there have been numerous advances in the physiology of penile erection, there has been limited basic scienti®c investigation concerning the mechanics of corporal veno-occlusion. Compression of subtunical venules has been suggested as the most probable mechanism involved in the generation of increased out¯ow resistance. 3 ± 10 However, there are several observations related to Figure 3 The graph depicts DaD o , the ratio of diameter to original diameter, vs LaL o , the ratio of length to original unstretched length for various tubes in the volume-based studies (a) and¯ow-based studies (b). The fact that these lines are straight (linear correlation coef®cients ! 0.93 for all cases) indicates that N, the stretch-associated luminial constrictabiity, can be considered to be constant. N is equal to the absolute slope of the lines. It is expected that the value of N would depend on: (i) the mechanical properties of the wall of the tube, (ii) the wall thickness and (iii) unstretched luminal diameter. Such variables would account for the difference in the value of N for the biological and non-biological tubes.
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corporal veno-occlusion which are not well-explained by the concept that compressive forces are the sole promoters of venous out¯ow resistance. First, patients with highly distensible tunica albuginea would be expected to have poorer corporal veno-occlusive function. This is because in these patients the tunica would be expanding relatively quickly while the corpora are expanding, thus preventing effective sub-tunical venule compression. We have, however, observed maximum corporal veno-occlusion in patients with highly distensible tunica albuginea. Second, Tejada et al have identi®ed in an animal model that, following administration of vasoactive agents, corporal venoocclusion can develop at low (30 mmHg) intracavernosal pressures. The compressive hypothesis for corporal veno-occlusion would imply poor venoocclusive function at such low intracavernosal (c) Figure 4 Three graphs with data calculated using N 2 for theoretically determined R s aR u , the stretched to unstretched venule resistance ratio, vs DP, the intracavernosal pressure increase, for high, mean and low values of tunical distensibility (V E aV F 5.0, 2.9 and 1.7, respectively). Each of the graphs has three curves representing the high, mean and low values of cavernosal expandability (X 0.17, 0.09, 0.04, mmHg
71
, respectively). For comparable values of AP, the higher the value of tunical distensibility and the higher the value of cavernosal expandability, the higher the resistance to¯ow will be. The reason is that higher V E aV F and X allow for greater stretching during penile erection. Figure 4 but for QÁR u , the¯ow rate times unstretched resistance, vs DP, the intracavernosal pressure rise. For comparable DP values, the higher the value of tunical distensibility and the higher the value of cavernosal expandability, the lower the¯ow rate will be. Flow rate is directly proportional to pressure and inversely proportional to resisitance. At very low AP, the increase in pressure is larger than the increase in resistance, therefore¯ow rate increases. At higher values of AP for mean and high V E aV F , the increase in resistance dominates over the increase in pressure, therefore¯ow rate decreases. For low V E aV F ,¯ow increases continuously with AP. While there is evidence of stretch-associated resistance, the high DP values dominate resulting in the increase in¯ow. Figures 4 and 5 illustrate the theorectical role of stretching on the sub-tunical venule during corporal veno-occlusion. As value of distensibility increases, the effectiveness of stretch-associated resistance in corporal veno-occlusion is predicted to increase. Conversely, intuition dictates that as distensibility increases, the effectiveness of compression-associated resistance in corporal veno-occlusion decreases. Thus, these two mechanisms are expected to be complementary to each other with stretch-associated resistance dominating at high distensibility and compressive-associated resistance dominating at low distensibility. 1 Third, venous out¯ow resistance can be shown to be independent of the value of intracavernosal pressure for a wide range of pressure values. 2 If corporal veno-occlusion were exclusively based on compression, the magnitude of venous out¯ow resistance would increase with increasing pressure.
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Based on the above, it would appear that other contributions to the mechanics of corporal venoocclusion exist besides that related to compression. One of the universal features of penile erection is the increase in corporal volume from the¯accid to the erect state. Numerous investigators have recorded that the majority of the tumescence changes during erection occur at low intracavernosal pressures prior to the onset of large changes in intracavernosal pressure. In a recent series of studies, volume increases have ranged from 1.7 ± 5.0 times baselinē accid volume. 11 ± 13 Assuming that the volume increase occurs equally in all three linear dimensions, then penile length would increase 1.2 ± 1.7 times baseline length during erection. Since subtunical venules are ®xed at their origin (lacunar spaces), at their termination (emissary veins), and they possess negligible structural slack in the¯accid state, 10 such anatomic features suggest that the subtunical venules undergo length increase during erection. During length increase, they would likely undergo luminal decrease. Both the length increase and luminal decrease would positively enhance Figure 6 Theoretical Q Á R u vs DP for N 2 and N 2.25, assuming mean tunical distensibility and cavernosal expandability. The higher the value of N, the more effective is the stretch-associated venule¯ow resisitance. Figure 7 Theoretical plot of VaV F , the ratio of cavernosal volume to¯accid volume, versus the values of constrictability N. For points below the line, the venules are partially occluded during stretching. For points on the line, the venules are completely occluded by stretching. For the hypothetical case of an individual having all venules with the same value of N, points on the curve would indicate those individuals whose tunical distensibility would lead to stretch-associated priapism when full erection is achieved. This is further evidence that at least some cases of priapism can be explained by an initial biomechanical phenomenon as opposed to a biochemical.
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venous out¯ow resistance. The overall goal of this research was to better characterize this theoretical contribution to corporal venous out¯ow resistance which develops during the volume increase in penile erection. This study demonstrated that in a hollow tube, the length increase is associated with a predictive and concommitant inner diameter narrowing. The relative length and inner diameter changes in a stretched hollow vessel may be linearly related by N, herein de®ned as the stretch-associated luminal constrictability. The magnitude of N is presumed to be dependent on the ratio of wall thickness to diameter and on wall material properties. In a vein with the wall thickness and diameter similar to the rabbit vena cava, the magnitude of N was found to be slightly larger than 2. Applying the hypothesized value of N 2 to a theoretical subtunical venule, 10 mm in baseline length and 0.1 mm in baseline inner diameter, each change in stretch-associated length of 1 mm would narrow the inner diameter by 0.02 mm (20% of baseline inner diameter). Note that uid resistance is inversely proportional to the fourth power of diameter and directly proportional to the length (Equation 1). In this subtunical venule, the change in inner diameter would result in an increase in¯uid resistance of approximately 170% (Equations 9 and 10).
This study demonstrated that stretch-associated venous out¯ow resistance is theoretically dependent upon several factors including intracavernosal pressure, stretch-associated luminal constrictability and the penile mechanical properties of tunical distensibility and cavernosal expandability. In a previous investigation of 21 human subjects, values of tunical distensibility and cavernosal expandability were recorded. The mean value of the dimensionless tunical distensibility was 2.9, the highest value 5.0 and the lowest 1.7, while the mean value of cavernosal expandability was 0.09 mmHg 71 , the highest value 0.17 mmHg 71 and the lowest 0.04 mmHg 71 . 11 ± 13 Figures 5a, 5b, 5c consist of three plots showing the predicted variation in the product of¯ow rate, Q and unstretched venule resistance, R u , vs intracavernosal pressure rise for the high, mean and low values of expandability and distensibility. These are the theoretically predicted results based only on stretch associated venous out¯ow resisitance (for N 2). For the highest and mean values of distensibility (Figures 5a, 5b) , predicted¯ow rate initially increases and then decreases with increasing pressure. These patterns exist for all values of expandability, though at different rates. The highest expandability values are associated with the highest resistance and lowest¯ow at any given pressure and distensibility. Stretch-associated luminal constrictability theory predicts that the volume rate of¯ow through the subtunical venule ®rst increases as pressure increases. This is because intracavernosal pressure is the dominant driving force at intracavernosal pressures just above the¯accid values. This increase in out¯ow is due to the fad that although inner diameter is narrowing with initial stretching, there is an increase in intracavernosal pressure which overwhelms the effect of initial inner diameter narrowing. Subsequently, however, the volume rate of¯ow decreases to minimum values at higher intracavernosal pressures. Such pressures may be as low as 30 mmHg above thē accid pressure. This decrease in out¯ow is due the combined effect of inner diameter narrowing and length increases with stretching (for N 2 or 2.25) and this increase in resistance is greater than the effect of the increase in intracavernosal pressure.
However, for the lowest value of distensibility, ow theoretically continues to increase with increasing pressure (Figure 5c ). Thus in this situation, there is limited stretch associated resistance. For such individuals to develop effective corporal venoocclusive function, the contribution to out¯ow resistance from compression would logically be expected to dominate.
It seems probable that the stretch and compressive mechanisms of corporal veno-occlusion are complementary. For high distensibility, stretch is theorectically most effective while compression is logically least effective. The greater the value of tunical distensibility, the more elastic are the wall properties of the tunica. If only compression forces were involved in veno-occlusion physiology, a highly distensible tunica would be expected to be associated with poor veno-occlusive function as a highly compliant wall would pose an ineffective backdrop for compression. Using stretch-associated forces, the more distensible the tunica, the greater the length changes of the subtunical venule, the narrower is its lumen and the higher is the out¯ow resistance. For low distensibility, however, the opposite appears to be true. The stretch mechanism 
is theoretically least effective while compressive mechanisms are logically most effective. Stretch-associated out¯ow resistance was also theoretically dependent upon the magnitude of N. Although the magnitude of N in human subtunical venules has not yet been determined, it is likely that there is some variation of N in a population of impotent men. Veins and venules are subject to wall thickening or sclerosis. 18, 19 Such venule pathology may be a response to trauma or to chronic ischemia associated with aging and vascular risk factor exposure.
How is this physological information concerning stretch out¯ow resistance related to the pathophysiology of corporal veno-occlusive dysfunction? Excessive venous out¯ow from an abnormally functioning corporal veno-occlusive mechanism is considered to be a dominant vasculogenic pathophysiology of male erectile dysfunction. 20, 21 Venoocclusive dysfunction, documented in conditions of Peyronie's disease 20 and traumatic injuries (penile fracture) to the tunica albuginea 21 are associated with diminished tunical distensibility. 11 ± 13 Such clinical conditions would therefore be expected to be associated with less effective stretch-associated changes in the subtunical venule. Veno-occlusive dysfunction has also been documented in conditions of corporal ®brosis, especially related to the effects of chronic ischemia on corporal tissue 22 ± 24 and in conditions of excessive sympathetic tone and/or insuf®cient or inadequate nitric oxide neurotransmitter release. 1, 25, 26 These clinical states are all associated with poor cavernosal expandability, a factor directly related to stretch-associated as well as compressive-associated venous out¯ow resistance.
In summary, this study has for the ®rst time analytically described the theoretical stretch-associated venule resistance changes which may occur during the volume increases related to penile erection. Stretching a hollow tube resulted in a linearly proportional relationship between changes in relative length and relative inner diameter. For the biological vessels that were chosen for experimentation, this constant of proportionality, N, the stretch-associated luminal constrictability, has been found to exceed a magnitude of 2. Stretch-associated venous out¯ow resistance has been theoretically shown to be maximized by high tunical distensibility (V E aV F b 3.0) and high cavernosal expandability (X b 0.09 mmHg 71 ). Stretch-associated engineering theory predicts that: (i) maximal stretch-associated venous out¯ow resistance occurs at low intracavernosal pressure increases ( $ 30 mmHg for average expandability and distensibility); (ii) venous out¯ow resistance remains constant as intracavernosal pressure increases and iii) volume rate of¯ow Q through a stretched venule is initially high, but decreases to minimum as intracavernosal pressure increases during erection. All theoretical predictions are characteristics concerning veno-occlusion that have been welldescribed in previous studies.
We believe that a strong case can be made that both compressive and stretch mechanisms of¯ow resistance in the sub-tunical venules have signi®-cance. In some situations, based on intracavernosal pressure, penile and venule mechanical properties, one of the two mechanisms may dominate. In either case, their resistive effects could be coupled; partial attening of the sub-tunical venule by compression would affect the extent of lumen narrowing due to elongation. Additional research is needed to more fully comprehend the physiological forces which activate the unique passive and intracavernosal mechanism of corporal veno-occlusion.
